We study several molecules that could help in the solution of the missing sulfur problem in dense clouds and circumstellar regions, as well as in the clarification of the sulfur chemistry in comets. These sulfur molecules are: the trimer (CH 2 S) 3 and the tetramer (CH 2 S) 4 of thioformaldehyde, pentathian S 5 CH 2 , hexathiepan S 6 CH 2 , thiirane C 2 H 4 S, trisulfane HSSSH, and thioacetone (CH 3 ) 2 CS. Infrared spectra of these species are calculated using density functional theory methods. The majority of calculated bands belong to the mid-infrared, with some of them occurring in the near and far-infrared region. We suggest that some of unidentified spectral features measured by Infrared Space Observatory in several active galactic nuclei and starburst galaxies could be caused by 1,3,5-trithiane ((CH 2 S) 3 ), 1,3,5,7-tetrathiocane ((CH 2 S) 4 ), and thiirane (C 2 H 4 S). The objects whose unidentified infrared features we compare with calculated bands are: NGC 253, M82, NGC 1068, Circinus, Arp 220, 30 Doradus, Orion KL, and Sgr B2.
INTRODUCTION
More than 180 molecules have been discovered in space (Tielens 2013) . With an exception of fullerenes, the largest molecule confirmed to exist in space till now consist of thirteen atoms (Bell et al. 1997) . Several sulfur-bearing molecules and ions have been observed in the interstellar medium and circumstellar shells in the Milky Way, as well as in other galaxies. The ethyl mercaptan, CH3CH2SH, the largest astrophysical molecule containing sulfur, was recently observed in Orion (Kolesnikova et al. 2014 ). Interstellar methyl mercaptan, CH3SH, was discovered long time ago by measuring lines in the millimeter range of the spectrum toward the Sgr B2 (Linke, Frerking & Thaddeus 1979) . Methyl mercaptan was also detected in other environments, for example in the organic-rich hot core G327.3-0.6 (Gibb et al. 2000) , and in Orion (Kolesnikova et al. 2014) . It was suggested that methyl mercaptan forms in interstellar ices and then evaporates in hot cores (Gibb et al. 2000) .
Although the first interstellar sulfur-bearing molecule CS was detected a long time ago (Penzias et al. 1971) , the chemistry of interstellar sulfur is still undetermined. The observed abundance of sulfur-bearing species in dense clouds is only about 0.1% of the same quantity in diffuse clouds (Tieftrunk et al. 1994; Charnley 1997) . Therefore, the main sulfur species in dense regions of interstellar medium are still unknown. Molecules OCS (Palumbo, Geballe & Tielens 1997 ) and SO2 (Zasowski et al. 2009 ) were detected in interstellar ices, but their abundances are not sufficient to account for the missing sulfur. Various species have been suggested as a possible reservoir of sulfur, for example polysulfanes H2Sn, sulfur polymers Sn, solid H2SO4, and FeS (Druard & Wakelam 2012; Scappini et al. 2003; Keller et al. 2002) . The presence of S + and its efficient sticking to dust grains has also been proposed (Ruffle et al. 1999) , as well as the existence of a substantial amount of atomic sulfur in shocked gases (Anderson et al. 2013) .
Sulfur species have also been observed in comets (Festou, Uwe Keller & Weaver 2004) . A cometary ice of the Hale-Bopp (C/1995 O1) had a similar IR (infrared) spectrum as interstellar ices in dense clouds (Crovisier et al. 1997; Bockelée-Morvan et al. 2000) . Molecules H2S, CS, OCS, H2CS, and SO were observed in the comet Hale-Bopp using radio telescopes (Woodney et al. 1997; Biver et al. 1997) . The low abundance of H2CS in comparison to H2S, as well as large daily variations in profiles and intensities of lines for H2S and CS were found (Woodney et al. 1997) . Therefore, an intensive sulfur chemistry was in progress when the comet Hale-Bopp was observed from Earth.
Models of interstellar ices containing H2S, SO2, CO, CO2, CH3OH, H2O, and/or NH3 were studied in laboratories on Earth by protons irradiation (Ferrante et . The effects of irradia-tion and of thermal processing were explored by measuring IR and mass spectra. It was found that the amount of H2S, SO2, and CO decreased and new molecules appeared. Depending on the initial ice composition, the radiation dose, and the temperature, some of detected molecules were: OCS, SO3, O3, H2S2, HS2, CS2, H2CO, CH4, CO2, Sn, n=2-8. A sulfur rich residuum without IR bands also formed when the ice containing H2S was irradiated by protons (Garozzo et al. 2010) .
The thioformaldehyde molecule, H2CS, in our galaxy was detected by measuring a higher transition 211 ← 212 at 3139.4 MHz, in the direction of Sgr B2 (Sinclair et al. 1973) . H2CS was observed in cold and hot cores, outflows of stars, and in the interstellar medium (Maeda et al. 2008) . Thioformaldehyde was also observed in other galaxies (Heikkila, Johansson & Olofsson 1999; Martin et al. 2005) . The H2CS molecule is unstable under laboratory conditions on Earth (Peach, Weissflog & Pelz 1975) . It is prone to polymerization and, as possible products, various cyclic molecules might occur. Among simplest ones are (CH2S)3 (1,3,5-trithiane) and (CH2S)4 (1,3,5,7-tetrathiocane). Properties of higher polymeric thioformaldehydes, (CH2S)n, have also been studied on Earth (Credali & Russo 1967; Peach, Weissflog & Pelz 1975) . The cyclic structures, (CH2S)n, are stable. Thus, they appear as a possible reservoir of sulfur in space. In laboratories (CH2S)3 forms when formaldehyde and hydrogen sulfide react. Various routes and catalysts for this reaction have been found. One way to form (CH2S)3 is the reaction between H2CO and H2S under irradiation (Credali & Russo 1967) . Both H2CO and H2S have been discovered in our and other galaxies (Snyder et al. 1969; Gardner & Whiteoak 1974; Thaddeus et al. 1972; Heikkila, Johansson & Olofsson 1999) . It was proposed that formaldehyde forms in interstellar ices by hydrogenation of CO (Tielens & Whittet 1997; Watanabe & Kouchi 2002) . The observed abundances of H2S are such that it has been assumed that this molecule also forms in interstellar ices on dust grains (Charnley 1997; Buckle & Fuller 2003) . We expect that, as in chemical laboratories on Earth, formaldehyde and hydrogen sulfide react in space under irradiation (such as UV, X, or cosmic rays), and that (CH2S)3 and higher polymeric thioformaldehydes are present. Formaldehyde and hydrogen sulfide (Biver et al. 1997) , as well as thioformaldehyde (Woodney et al. 1997) , were also detected in the Hale-Bopp. In addition, several other sulfur-bearing species and changes of intensities for H2S during observations were detected in this comet. It is possible to suggest that formaldehyde and hydrogen sulfide react in the Hale-Bopp (and perhaps in some other comets) and form cyclic thioformaldehydes.
Cyclic molecules pentathian (S5CH2) and hexathiepan (S6CH2) were detected in laboratory astrophysics experiments on interstellar ices after the UV irradiation at T= 12 K, which was followed by heating to room temperature (Muñoz Caro 2002) . Mass spectra were measured and, among pentathian, hexathiepan and some known molecules, several unidentified species were found. This opens a possibility that (CH2S)3, (CH2S)4 and other sulfur-bearing species were also present, or could formed under suitable conditions. Disulfane, H2S2, was also detected in laboratory experiments on interstellar ices (Ferrante et (Druard & Wakelam 2012) . The results of calculations on chemical networks predicted that H2S3 is more abundant than H2S2 in less dense clouds at T= 20 K (Druard & Wakelam 2012) . Therefore, H2S3 is an important molecule for further studies of sulfur species in molecular clouds. We investigate the most stable conformation trans-HSSSH (Liedtke et al. 1993) . Thioacetone, (CH3)2CS, in the form we study, consists of the two methyl groups and the sulfur atom doubly bonded to carbon that could give rise to specific IR spectral features. Thioacetone could exist as the thioketo and thienol tautomers, but thioenol transforms to the thioketo form (Lipscomb & Sharkey 1970) . We study the thioketo tautomer that is prone to polymerization, and therefore unstable. However, its lifetime is several minutes (Kroto et al. 1974) . Thiirane (C2H4S, ethylene sulfide) is the smallest cyclic molecule containing sulfur. Its oxygen analogue oxirane (C2H4O) is already confirmed as an astrophysical molecule (Dickens et al. 1997; Puzzarini et al. 2014) .
Most sulfur-bearing and other astrophysical molecules have been detected by radio telescopes involving rotational spectra. For some of molecules studied here by calculating their infrared spectra, rotational spectra and constants are available: (CH2S)3 (Antolinez et al. 2002; Cervellati, Corbelli & Lister 1984; Dorofeeva & Gurvich 1995) , trans-HSSSH (Liedtke et al. 1993 (Liedtke et al. , 1997 , (CH3)2CS (Kroto et al. 1974) , C2H4S (Hirao, Okabayashi & Tanimoto 2001; Kirchner et al. 1997; Hirose, Okiye & Maeda 1976) .
In this work, to shed light on the missing reservoirs of sulfur in dense interstellar clouds, we study several sulfurbearing species. This study is also important for understanding of the sulfur chemistry in comets. IR spectra of sulfur molecules are calculated using density functional theory methods (Becke 2014) . In Sec. 2 we describe computational methods. In Sec. 3.1 we present the calculated properties of molecules and their IR spectra. We compare calculated bands with observed spectra of astrophysical objects and find good agreement between some calculated bands and unidentified features observed by Infrared Space Observatory (ISO) in several starburst and active galaxies (ISO 2002; Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999) . Therefore, in Sec. 3.2 we present the list of already detected sulfur-bearing species in molecular gases of these galaxies and briefly describe conditions for their formation. In Sec. 3.3 we list detected sulfur-bearing species in environments of our galaxy: Orion KL and Sgr B2. The conclusions are summarized in Sec. 4.
COMPUTATIONAL METHODS
We use density functional theory methods within the Gaussian code (Frisch et al. 2013 ) to study several sulfurbearing molecules. The hybrid B3LYP functional (Becke 1993; Stephens et al. 1994 ) and the augmented correlation consistent aug-cc-pVTZ basis set (Woon & Dunning 1993 ) are applied. It was found that this basis set and the B3LYP functional produced accurate IR intensities (Zvereva, Shagidullin & Katsyuba 2011) . Using these methods we compute harmonic vibrational frequencies.
The Gaussian code and B3LYP functional have been successfully applied for studies of IR spectra of interstellar molecules and nanoparticles (Bauschlicher et al. 2010; Boersma et al. 2014; Ricca et al. 2012; Goumans & Bromley 2011) . Scale factors are used in this type of calculations (Bauschlicher et al. 2010) to minimize errors due to anharmonic effects, basis set incompleteness and unknown exchange-correlation effects in density functional theory approximations. The other, more rigorous, way is to do vibrational calculations with anharmonic correction to frequencies and intensities. We tested a new implementation of full anharmonic IR intensities at the second-order of perturbation theory level (Bloino & Barone 2012; Barone et al. 2010 ). However, we found that the present implementation of this method (in the Gaussian 09 code) is not suitable for the C3v symmetry of (H2CS)3.
In this work nine molecules (CS2 (Shimanouchi 1972 ), C2H4S (Allen et al. 1986 ), C2H4O (Puzzarini et al. 2014) , HS2H (Jacox 1994), H2CS (Jacox 1994), CH3SH (Sverdlov, Kovner & Krainov 1974) , CH3SCH3 (Sverdlov, Kovner & Krainov 1974) , SO2 (Person & Zerbi 1982) , and H2S (Shimanouchi 1972) ) were used to obtain the value of 0.9687 for the scaling factor. The mean average error, the mean absolute error, and the root mean square error were 7.7, 18.9 and 23.1 cm −1 , respectively. The calculated intensities for the nine molecules were in good agreement with experiment what was actually expected from the chosen level of theory (B3LYP/aug-cc-pVTZ). The calculated frequencies of (CH2S)3, (CH2S)4, S5CH2, S6CH2, HSSSH, (CH3)2CS, and C2H4S were subsequently scaled with 0.9687 and, together with calculated intensities, used for astrophysical predictive purposes. For IR spectra presented in this work we used Lorentzian band profiles with FWHM of 15 cm −1 .
RESULTS AND DISCUSSION

Infrared Spectra
Figs. 1-3 show optimized geometries of molecules we study. Both (CH2S)3 and (CH2S)4 are chair-shaped cyclic structures ( Fig. 1) , where rings are composed of, respectively, six and eight alternating C and S atoms. In contrast, in the rings of S5CH2 and S6CH2 ( Fig. 2 ) only one carbon atom exists, whereas two C atoms appear in the cyclic structure of C2H4S ( Fig. 3 (c) ). Zig-zag (or helix) structures of either S, or C atoms exist for, respectively, HSSSH ( Fig. 3 (a) ) and C3H6S ( Fig. 3 (b) ). The coordinates of optimized structures for all molecules are available as the online-only supporting information.
We have calculated that (CH2S)3 has a large dipole moment of 2.1787 Debye. In contrast the dipole moment of (CH2S)4 is zero. It is known that molecules with a zero dipole moment are radio inactive. Therefore, (CH2S)4 could only be detected in the IR spectral region and for radio telescopes this molecule would behave as the hidden part of a possible reservoir of sulfur. Dipole moments of 1.9784, 1.7086, 1.9669, 0.5085, 2.9493 Debye are calculated for S5CH2, S6CH2, C2H4S, HSSSH, (CH3)2CS, respectively. Our results for IR spectra are shown in Figs. 4-6, whereas the bands and their intensities are presented in Tables 1-7. Relative intensities of calculated bands shown in these Tables are determined as percentage of the strongest band. Relative intensities of measured bands are known only qualitatively (v-very, s-strong, m-mean, w-weak, eextremely), and were after (Klaboe 1969; Ellestad et al. 1972; Wiesier et al. 1969 ) assigned a quantitative measure by dividing the interval from 0 to 1 into six equal parts.
In (CH2S)3 the strongest calculated band at 14.46 µm is dominantly due to the C-S stretching (Table 1 ). The same is valid for the pair of the (CH2S)4 calculated rather strong bands at 12.66 and 13.96 µm ( Table 2 ). The strongest calculated band of (CH2S)4 is at 14.43 µm. We are not aware of any existing measured IR vibrational data concerning pentathian and hexathiepan. The vibrational normal modes involving sulfur atoms are generally weak. This is particularly well seen in pentathian and hexathiepan where the strongest bands, respectively at 23.93 and 22.31 µm, are only 10.13 and 6.41 km mol −1 strong (Tables 3 and 4 ). In the case of HSSSH, the strong band calculated at 22.82 µm is the antisymmetric S-S stretching (Table 5) . Vibrational spectra of H2S3 were first measured in CCl4 and CS2 solutions, but the cis conformer was assigned as a carrier (Wiesier et al. 1969 ). More recently, the IR spectrum of H2S3 was measured in the gas phase in the range from 400 to 4000 cm −1 , but unfortunately with a low resolution, and only frequencies measured at 2548, 865, and 480 cm −1
were reported (Liedtke et al. 1993 ). However, both measurements (Wiesier et al. 1969; Liedtke et al. 1993 ) and our results show that IR frequencies of trans and cis conformers are similar. In Table 5 we compare our results with detailed measurements (Wiesier et al. 1969 ). Liedtke and coworkers also reported the calculated IR frequencies done using the Moller-Plesset perturbation operator (MP2) and the MC-311G(d,p) basis set. Their frequencies are unscaled and bands start at much higher (for 243 cm −1 ) values than experimental and these we calculated.
The only band of thioacetone worth of searching for in space should be a very strong C=S stretching band calculated at 8.01 µm (Table 6 ). Thiirane can be detected by measuring its two strongest bands calculated at 16.68 and 9.57 µm ( Table 7) . The former can be described as a symmetric C-S stretching, while the latter as a CH2 wagging. First fourteen modes in the IR spectra of thiirane were measured and assigned by (Allen et al. 1986 ). Recently, far-IR modes at 760-400 and 170-10 cm −1 were studied using the synchrotron light source (Bane et al. 2012) . Two modes ν5 = 628.1 and ν15 = 669.7 cm −1 were measured, as well as subsequently calculated at the B3LYP/cc-pVTZ level, and then fitted.
For all molecules we study some other rather strong bands exist, but they are typical for the C-H bonds. Thus, these bands are less suitable for a search of the sulfur-bearing species in space.
In Table 8 we compare calculated bands of (CH2S)3, (CH2S)4, and C2H4S with unidentified features observed by ISO in, either galaxies known for their starburst activity, or galaxies with active galactic nuclei: M82, NGC 253, the 30 Doradus star-forming region in the Large Magellanic Cloud, NGC 1068, Circinus, Arp 220 (ISO 2002; Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999 ). We find that in the interval around unidentified bands, determined by the scaling factor used within density functional theory method, belong ten calculated bands of (CH2S)3, eleven of (CH2S)4, and five of C2H4S. For all three species Lutz et al. 2000; Fischer et al. 1999) . ISO observations showed that intensities of bands vary considerably depending on the extragalactic source . The strongest calculated bands in Table 8 are at 3.3, 3.4, 8.3, 14.8, and 16.5 µm. These positions agree with bands in some of objects observed by ISO. The band at 3.3 and its satellite at 3.4 µm are strong in M82, NG253, 30 Doradus, and Circinus. This feature is weaker in NGC 1068. The band at 8.3 µm was observed only in M82, and it is not strong. The band at 14.8 µm is also not strong. It was detected in M82, NGC253, 30 Doradus, and Circinus. The band at 16.5 µm was observed in three galaxies. It is strong in M82 and NGC 253, whereas it is weak in the 30 Doradus region. Differences of intensities in observed spectra are results of different physical conditions in extragalactic objects. Table 9 shows that in the proposed interval around unidentified bands are positioned five bands of S5CH2, nine of S6CH2, three of HSSSH, and ten of (CH3)2CS. However, either two strongest bands (S5CH2, (CH3)2CS), or only the strongest one (S6CH2, HSSSH) do not belong to this interval. Because of high quality basis set that has been shown to produce accurate IR intensities (Zvereva, Shagidullin & Katsyuba 2011) , S5CH2, S6CH2, HSSSH, and (CH3)2CS are less probable carriers of unidentified features observed in selected galactic sources by ISO (ISO 2002; Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999) .
Sulfur-bearing species in extragalactic molecular gases
Below we present the list of the presently detected (to the best of our knowledge) sulfur-bearing species in NGC Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999) , and our results for the trimer and tetramer of thioformaldehyde, as well as for thiirane. The two strongest calculated bands are shown in bold and ∆ = 18.9 cm −1 is the mean average error after using the scaling factor within the density functional theory calculation method. Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999) , and our results for pentathian, hexathiepan, trisulfane, and thioacetone. The two strongest calculated bands are shown in bold and ∆ = 18.9 cm −1 is the mean average error after using the scaling factor within the density functional theory calculation method. 253, M82, NGC1068, Circinus, Arp 220, and 30 Doradus. These objects were observed by ISO and unidentified features were found (ISO 2002; Sturm et al. 2000; Lutz et al. 2000; Fischer et al. 1999 ). Ultraviolet, X-ray, and cosmic-ray irradiations, as well as shocks, are present in these galaxies and determine the chemical processes in molecular gases for sulfur-bearing and other species. For example, it was found in laboratories on Earth that UV and X-ray irradiations catalyze the formation of (CH2S)3 and (CH2S)4 from H2CO and H2S (Credali & Russo 1967) . Therefore, favorable conditions for the formation of (CH2S)n exist in extragalactic molecular gases. NGC 253 is also known as the Sculptor, or the Silver dollar galaxy. It is the bright, spiral, starburst galaxy where many molecular lines have been detected. Sulfur-bearing species H2S, CS, C2S, NS, SO, H2CS, OCS, and SO2 were observed in the nuclear region of NGC 253 using the IRAM 30 m and the Swedish-ESO Submillimetre Telescope (SEST) (Martin et al. 2005 (Martin et al. , 2006 . It was proposed that turbulent motions and shocks release H2S and OCS from grain mantles into the gas phase. Then other sulfur-bearing species are formed in the gas-phase chemistry processes. Relative abundances of sulfur-bearing molecules in different environments suggest that the chemical processes in the nuclear region of NGC 253 are similar to those in the Sgr B2 envelope in the galactic center (Martin et al. 2008) . Low-velocity large scale shocks were found responsible for the similar sulfur chemistry in these two regions. Both formaldehyde (Gardner & Whiteoak 1974) and H2S (Martin et al. 2005 (Martin et al. , 2006 , which react in laboratories under irradiation and form (CH2S)n, were detected in NGC 253. M82, also known as NGC 3034 or Cigar, is an irregular starburst galaxy. It was found that the chemical processes in M82 and NGC 253 are different (Martin et al. 2006; Aladro et al. 2011) . Although both galaxies are starburst, they are at the different evolutionary stage. M82 is more evolved starburst where photodissociation regions (Tielens & Hollenbach 1985) are dominant in the heating of the molecular gas. These processes are driven by ultraviolet photons from young stars. Molecular abundances in M82 are similar to the well studied photon-dominated region the Orion bar. Photon-dominated regions are also present in NGC 253 (Martin, Martin-Pintado & Viti 2009 ), but they do not drive the heating of molecular clouds. IRAM 30 m telescope was used to study the chemical species in the central parts of M82 (Aladro et al. 2011) . Among eighteen detected molecules several sulfur species were found: H2S, H2CS, CS, SO, and SO2. Formaldehyde was also detected in M82 (Aladro et al. 2011) and could under irradiation react with H2S to form (CH2S)n.
NGC 1068, also known as M77, is a barred, spiral, active galaxy. Although NGC 1068 is with an active galactic nucleus, it also contains the starburst ring (Takano et al. 2014; García-Burillo et al. 2014; Viti et al. 2014) . The chemical composition of molecular clouds in NGC 1068 was studied by the IRAM 30 m telescope (Aladro et al. 2013) . Seventeen molecules and seven isotopologues were detected and among them sulfur species SO, NS, and CS. The results for NGC 1068 were compared to the starburst galaxies M82 and NGC 253. Some sulfur molecules which were detected in two starburst galaxies, such as OCS, SO2, C2S, H2S, and H2CS, have not been yet found in NGC 1068. Recently NGC 1068 was studied using the Atacama Large Millimeter Array (ALMA) (Takano et al. 2014; García-Burillo et al. 2014; Viti et al. 2014) . Takano and coworkers studied several molecular transitions (including those in sulfur species CS and SO) in the central region of NGC 1068. GarciaBurillo and coworkers (García-Burillo et al. 2014) , as well as Viti and coworkers (Viti et al. 2014 ) also investigated the molecular gas in NGC 1068 using the ALMA telescope. They mapped the emission of several tracers (including CS) and underlying continuum emission of the circumnuclear disk and the starburst ring.
The Circinus galaxy is an active, starburst, spiral galaxy. NGC 1068 and Circinus are similar. Both are typical Seyfert 2 galaxies close to the Milky Way and contain the molecular gas which surrounds nuclei, as well as star-forming rings (Zhang et al. 2014) . Several molecular transitions, and among them in sulfur species CS and SO, were observed in the study of a dense molecular gas in the central part of the Circinus galaxy using the SEST telescope (Curran et al. 2001) .
Arp 220 is an ultra-luminous infrared galaxy (ULIRG) closest to Earth. This elliptical galaxy is the merger system and contains a star-forming region as well as a double nucleus. The prebiotic molecule methanimine (CH2NH) was detected in Arp 220 (Salter et al. 2008) . The molecular composition of Arp 220 was studied using the Submillimeter Array (SMA) in Mauna Kea, Hawaii (Martín et al. 2011) . Fifteen molecular species and six isotopologues were observed, and among them sulfur-bearing molecules: H2S, SO, NS, and CS. Formaldehyde was also detected. The star-forming region 30 Doradus in the Large Magellanic cloud, also known as the Tarantula nebula or NGC 2070, is the most active in the Local group. Heikkila and coworkers studied molecular abundances in 30 Doradus using the SEST telescope (Heikkila, Johansson & Olofsson 1999) . They detected several molecular transitions and among them in CS and SO. The sulfur-bearing molecule CS in 30 Doradus was also observed by Rubio and coworkers using SEST (Rubio, Paron & Dubner 2009) , and in recent studies by the ALMA telescope (Indebetouw et al. 2013) .
We find that all six bright bands from Table 8 agree with features observed in M82. Five strong calculated bands agree with observed features in NGC 253 and 30 Doradus, three in Circinus, and only one in NGC 1068. Therefore, starburst galaxies are more favorable for the formation of (CH2S)3, (CH2S)4, and C2H4S. This is especially true for M82, an evolved starburst with main processes driven by UV photons, where all six calculated bright bands were observed.
3.3 Sulfur-bearing species in galactic molecular gases: Orion KL and Sgr B2
Orion KL and Sgr B2 are well known galactic molecular clouds where star-forming is pronounced (Goicoechea 2008) . They both were investigated by ISO in the far-IR region where they are in the group of the brightest sources. Orion KL was investigated in the (486-492) GHz and (541-577) GHz intervals by the Odin satellite, and 280 spectral lines were observed from 38 molecules (Persson et al. 2007 ). Among them 64 lines were unidentified. Several sulfur species were detected: SO2, SO, H2CS, H2S, OCS, CS, HCS + , as well as formaldehyde. Tentative assignments were done for SiS, SH − , and SO + . Sulfur-bearing species in Orion KL were also studied with the IRAM 30 m telescope in the (80-115.5) GHz, (130-178) GHz, and (197-281) GHz intervals (Tercero et al. 2010; Esplugues et al. 2013 ). More than 14400 spectral features were detected and 10040 were identified and attributed to 43 molecules, among them to sulfur species: OCS, HCS + , H2CS, CS, CCS, C3S, SO, and SO2. These results (Persson et al. 2007; Tercero et al. 2010; Esplugues et al. 2013) show that rich sulfur chemistry takes place in Orion KL. We find that two bands calculated for S5CH2 (52.65 and 57.72 µm in our Table 3 ) are close to unidentified bands at 52.57 and 58.02 µm observed by ISO in the Orion KL (see their Table 10 ) (Lerate et al. 2006 ). However, Lerate and coworkers observed only the far-IR region (44-188) µm, whereas the majority of the bands we calculate for pentathian (as well as for other sulfur molecules studied in this work) are in the near and mid-IR.
It was proposed that similar sulfur chemistry exists in the nucleus of the starburst galaxy NGC 253 and Sgr B2 in the galactic center (Martin et al. 2008 ). Sgr B2 was studied with ISO in the near/mid-IR (Lutz et al. 1996) and in the far-IR region (Goicoechea, Rodriguez-Fernandez & Cernicharo 2004; Polehampton et al. 2007 ), but the attention was not devoted to the sulfur-bearing species. However, some unidentified features were observed (Polehampton et al. 2007 ). The Mopra 3-mm spectral line survey confirms that several sulfur-bearing molecules exist in Sgr B2 (Armijos-Abendaño et al. 2014 ). These are: CCS, OCS, CS, SiS, HCS + , SO2, and HNCS. Several unidentified lines were also observed. Sulfur-bearing species H2S, SO, SO2, H2CS, OCS, NS, SH + , and HCS + were observed in Sgr B2 by the Herschel telescope molecular line survey in the (157-625) µm range (Neill et al. 2014 ).
CONCLUSIONS
Astrochemistry of sulfur is still unknown. We calculated IR spectra of several sulfur-bearing molecules and proposed that they take the role in the balance of the sulfur in dense clouds and comets. We studied ring molecules (CH2S)3, (CH2S)4, pentathian (S5CH2), hexathiepan (S6CH2), thiirane (C2H4S), and in addition two other sulfur-bearing molecules trisulfane (HSSSH) and thioacetone ((CH3)2CS). We found that calculated bands of (CH2S)3, (CH2S)4, and C2H4S agree with several unidentified features observed by ISO in starburst galaxies (M82, NGC 253, the 30 Doradus star-forming region in the Large Magellanic Cloud), and galaxies with active galactic nuclei (NGC 1068, Circinus). Studies of molecular compositions of several of these extragalactic objects on ALMA are still in progress. Many starforming and other objects exist, and could act as the place with rich sulfur chemistry. Galactic objects where complex sulfur-bearing species could easily form are Orion KL and Sgr B2. We hope that a high resolution and sensitivity of ALMA, and in the future of the James Webb Space Telescope in the infrared spectral region, will enable detection of larger sulfur-bearing molecules.
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